Secretory component (SC) in association with polymeric IgA (pIgA) forms secretory IgA, the major antibody active at mucosal surfaces. SC also exists in the free form, with innate-like neutralizing properties against pathogens. Free SC consists of five glycosylated variable (V)-type Ig domains (D1-D5), whose structure was determined by x-ray and neutron scattering, ultracentrifugation, and modeling. With a radius of gyration of 3.53-3.63 nm, a length of 12.5 nm, and a sedimentation coefficient of 4.0 S, SC possesses an unexpected compact structure. Constrained scattering modeling based on up to 13,000 trial models shows that SC adopts a J-shaped structure in which D4 and D5 are folded back against D2 and D3. The seven glycosylation sites are located on one side of SC, leaving known IgAbinding motifs free to interact with pIgA. This work represents the first analysis of the three-dimensional structure of fulllength free SC and paves the way to a better understanding of the association between SC and its potential ligands, i.e. pIgA and pathogenic-associated motifs.
The mucosal epithelia lining the gastrointestinal, respiratory, and urogenital tracts represent the largest surface (400 m 2 for the human body) in contact with the external environment (1) . Consequently, they are permanently exposed to foreign antigens and must therefore be efficiently protected to prevent possible damage by pathogenic agents (2) . In response to this threat, a major immune defense system is mediated by secretory immunoglobulin A (SIgA) 5 within the lumen (3), where SIgA exerts its function of antigen neutralization. IgA is produced locally as polymeric IgA (pIgA), which consists of two or four IgA molecules linked covalently by a J chain (4) . Subsequent transport of pIgA (and to a lesser extent pentameric IgM) across the epithelium is ensured by the polymeric Ig receptor (pIgR), which is expressed on the basolateral surface of epithelial cells. Following cleavage at luminal surfaces, SIgA is released as a complex of pIgA and the cleaved extracellular portion of the pIgR which is termed secretory component (SC). Because secretory IgM can be present in external secretions with an accessory role as a neutralizing antibody, this suggests that SC has a generic antibody-binding ability, being able to bind to both pIgA and pentameric IgM (5) . This selectivity may be required to allow only larger, polymerized antibodies protected by heavily glycosylated SCs to enter the harsh environment of external secretions.
SC consists of five immunoglobulin-like domains (D1-D5) and up to seven glycan chains. SC bound to pIgA protects the antibody against proteolytic digestion (6) and governs anchoring of SIgA at mucosal surfaces (7) . Free SC is also found in secretions and is now recognized as an active antibacterial participant to protect mucosal surfaces against Helicobacter pylori (8) , enteropathogenic Escherichia coli and Clostridium difficile toxin A (9) , and Streptococcus pneumoniae choline binding protein A (10, 11) . Recombinant human SC produced from transfected Chinese hamster ovary (CHO) cells behaves identically, and its neutralizing properties rely on the presence of oligosaccharides on SC (12) .
Despite the importance of SC and its glycosylation, only partial information is available on its structure. SC comprises the first 585 residues in pIgR ( Fig. 1A) (13) . Homology modeling of rabbit SC domains 1 and 2 (D1 and D2) indicates that both exhibit the typical features of Ig variable (V)-type superfamily members with seven ␤-strands A-G and an extra two designated CЈ and CЉ (14, 15) . A similar topology was determined in the modeling of domains 2 and 3 (D2 and D3) of mouse SC (16) . These were confirmed by the crystal structure of D1 of human SC, which revealed a V-type fold (17) . So far, the three-dimensional domain arrangement of full-length SC has not been considered, even though this is essential to appreciate molecular mechanisms that are involved in mucosal immunity. Its high glycosylation and the presence of long interdomain linkers suggest that SC may be too flexible to be crystallized intact. In a situation such as this, x-ray and neutron scattering and analytical ultracentrifugation in combination with constrained modeling techniques will reveal the domain arrangement of SC (18) . Here, we determine a solution structure for recombinant human SC produced in CHO cells. We show that SC forms a compact domain arrangement, and this structure rationalizes many of the biological roles of both free and bound SC for the first time.
MATERIALS AND METHODS

Recombinant Secretory Component and Its Fragments-
CHO cells producing human SC (7) were cultured in suspension in CHO-S-SFM II medium (Invitrogen) using CELLine 350 bioreactors (Integra-Biosciences). Supernatants (8 ml) were collected twice a week, and immediately chromatographed onto a 1.6-cm ϫ 1-meter long Superdex-200 column in PBS. Fractions containing human SC as confirmed by immunoblotting were pooled and filtered through 0.22-m cartridges. Filtered aliquots were stored at 4°C in PBS (116 mM NaCl, 10.4 mM Na 2 HPO 4 , 3.2 mM NaH 2 PO 4 , pH 7.2) prior to use for scattering and ultracentrifugation. Cleaved SC fragments were obtained from purified SC samples that were stored for at least 6 months at 4°C. Separation was performed by chromatography onto a 1.6-cm ϫ 1-m Superdex-200 column (Amersham Biosciences) in PBS. Pools of fractions containing fragments D1-D3 and D4 -D5 were concentrated using Amicon Ultra (30-kDa molecular mass cut-off) and Centricon YM-10 (10-kDa molecular mass cut-off) filters (Millipore), respectively. Further purification of fragments D1-D3 and D4 -D5 was achieved by repeating chromatography onto the Superdex-200 column. To identify the SC cleavage site, N-terminal sequencing of purified D4 -D5 from a polyvinylidene difluoride blot was performed by Edman degradation at Alta Biosciences (University of Birmingham, UK).
For the x-ray scattering and ultracentrifugation experiments, samples were recovered in PBS. For neutron scattering, the buffer was Dulbecco's PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , pH 7.5), made up in 100% 2 H 2 O. The neutron samples were dialyzed at 6°C into this 100% 2 H 2 O buffer for 36 h with four buffer changes. The two buffer densities in H 2 O solvent were predicted to be 1.00485 g/ml and 1.00543 g/ml, respectively, from these compositions using SEDNTERP. The SC, D1-D3, and D4 -D5 concentrations were determined using absorption coefficients of 12.3, 7.1, and 18.7 (1%, 280 nm, and 1-cm path length) that were calculated from its composition by assuming the presence of seven biantennary complex-type oligosaccharides Man 3 GlcNAc 4 Gal 2 NeuNAc 2 (see Fig. 1 ) (19) . The partial specific volume v for SC, D1-D3, and D4 -D5 was calculated to be 0.717, 0.717, and 0.718 ml/g, respectively, from their compositions (19) . The calculated molecular masses for SC, D1-D3, and D4 -D5 were 79.6, 45.5, and 34.1 kDa, respectively, their unhydrated volumes were 99.7, 56.9, and 42.7 nm 3 , respectively, and their hydrated volumes were 132.2, 75.5, and 56.7 nm 3 , respectively (assuming 0.3 g of H 2 O/g of glycoprotein).
X-ray and Neutron Scattering and Ultracentrifugation Data-X-ray scattering data were obtained in two sessions on the Beamline ID02 at the European Synchrotron Radiation Facility (Grenoble, France), operating at 6.03 GeV (20) . To reduce the incident flux, the experiments were performed in 16-bunch and 4-bunch mode with storage ring currents ranging between 92 and 53 mA (SC) and 4-bunch mode with currents ranging between 41 and 23 mA (D1-D3 and D4 -D5). The sample-todetector distance of 3.0 m, yielded a Q range from 0.07 to 2.1 nm Ϫ1 (where Q ϭ 4 sin /; 2 ϭ scattering angle; ϭ wavelength). Samples were measured at concentrations between 0.62 and to 2.0 mg/ml (SC), 0.39 to 1.6 mg/ml (D1-D3), and 0.40 to 0.73 mg/ml (D4 -D5). Data were acquired using five or ten time frames of 0.5, 1, 2, or 4 s to establish the absence of radiation damage. Neutron scattering data for SC were collected in one session in a Q range between 0.02 and 1.93 nm
Ϫ1
on Instrument LOQ at the ISIS facility at the Rutherford Appleton laboratory, Didcot, UK (21) . The proton beam current was 172-173 A, and acquisition times were 1-2 h for concentrations between 0.62 and 2.0 mg/ml, measured at 15°C. Other details, including calibrations and data reduction, the Guinier analyses to determine the radius of gyration R G and the radius of gyration of the cross-sectional structure R XS , and the calculation of the distance distribution function P(r) using GNOM for which Q ranged between 0.08 and 2.06 nm Ϫ1 , are described previously (22, 23) .
Analytical ultracentrifugation was performed at 20°C on a Beckman XL-I instrument, equipped with an AnTi50 rotor. Sedimentation equilibrium data sets for SC between 0.20 and 2.50 mg/ml were acquired over 45 h with column heights of 2 mm at rotor speeds of 8,000, 11,000, 14,000, 18,000, and 23,000 rpm, until equilibrium had been reached at each speed as shown by the perfect overlay of runs measured at 5-h intervals. Sedimentation velocity data for SC, D1-D3, and D4 -D5 were acquired over 16 h at rotor speeds of 20,000, 25,000, 30,000, and 35,000 rpm (and 42,000 rpm for D1-D3 and D4 -D5) with column heights of 12 mm. SC was studied at five concentrations from 0.30 to 2.50 mg/ml. D1-D3 and D4 -D5 were each studied at two concentrations of 0.39 -1.6 mg/ml and 0.40 -0.73 mg/ml respectively. DCDTϩ g(s*) time-derivative analyses and SED-FIT Lamm equation fits based on the non-interacting species model were performed as previously described (23) .
Constrained Modeling of SC-SC corresponds to residues 19 -603 of the polymeric immunoglobulin receptor (SwissProt code P01833). The start and end of D2-D5 is defined as residues 1-104 in Fig. 1 . The homology modeling of D2-D5 employed MODELLER v7 (24) and was based on a topological sequence alignment with the D1 crystal structure identified using BLASTP (PDB code 1xed) (17) . The models were structurally validated using PROCHECK. Seven biantennary oligosaccharide chains Man 3 GlcNAc 4 Gal 2 NeuNAc 2 were incorporated in extended conformations in the D1-D5 models (25, 23) . The first SC residue Lys was added to the D1 crystal structure using MODELLER v7. To model the other interdomain linkers, residues 109 -116, 219 -221, 324 -335, 440 -446, and 543-585 (Fig. 1B) were created in extended ␤-strand conformations using INSIGHT II 98.0 with BIOPOLYMER, DISCOVER, HOMOLOGY, and DELPHI modules (Accelrys, San Diego, CA), and 5000 randomized conformations for each were generated using DISCOVER3 (22) . Linker length constraints of 95-100% were applied to generate sufficient conformational variability when needed. Full SC models were created by superimpositions of the domains and the linkers.
Each SC, D1-D3, and D4 -D5 model was converted into Debye spheres to calculate the x-ray and neutron scattering curves (22, 23) . A cube side length of 0.542 nm in combination with a cutoff of 4 atoms consistently produced sphere models within 95% of the total unhydrated volume of 99.7, 56.9, and 43.8 nm 3 , respectively, calculated from their compositions. Hence the optimal totals of unhydrated spheres were 626, 268, and 353 respectively, which were then hydrated. The number of spheres N in the unhydrated and hydrated models after grid transformation was used to assess steric overlap between the D1, D2, D3, D4, and D5 domains.
The models were assessed by calculation of the R G and R XS values in the same Q ranges used for the experimental Guinier fits. Models that passed these R G and R XS filters were ranked using the R-factor goodness-of-fit agreement. A flat background correction of 2.7% of I(0) was applied to the final neutron scattering curve fits in Fig. 8 to allow for a uniform incoherent scattering of residual protons in the sample. Other details, including those of calibration studies used to validate this approach, are given elsewhere (22, 26) . The sedimentation coefficients s 20,w 0 were calculated directly from the hydrated SC, D1-D3, and D4 -D5 sphere models using the GENDIA and HYDRO programs (22, 23) . Control calculations of s 20,w 0 were performed using HYDROPRO shell modeling directly from the molecular models for SC, D1-D3, and D4 -D5 (27) . The ten best SC ␣-carbon co-ordinate models were deposited in the Protein Data Bank with the accession code 2OCW.
RESULTS
Characterization of SC and Its
Fragments-In SC, sequence similarities between D1 and the other four SC domains (D2-D5) show that all belong to the immunoglobulin (Ig) variable (V)-type classification (Fig. 1A) . For clarification, the domains and interdomain linkers are depicted in Fig. 1B . As glycosylation and proper disulfide bonding are essential features of SC, we chose to produce the protein in CHO cells, which yields SC that is indistinguishable when compared with colostrum SC (12, 28) . Purified recombinant human SC resulted in a major band at an apparent molecular mass of 75 kDa when analyzed by silver staining and immunodetection (Fig. 1C, lanes 1, 3, 5 , and 7). This molecular mass agrees well with the sequence-derived value of 79.6 kDa. Upon storage for several months at 4°C, two additional bands at 45 and 30 kDa appear (Fig. 1C, lanes 2, 4, 6 , and 8). In Western blots, detection with polyclonal antisera specific for D1 and D5 established that the bands at 45 and 30 kDa represent cleavage of full-length SC into D1-D3 and D4 -D5 fragments. This was confirmed by N-terminal sequencing of fragment D4 -D5 that identified the sequence SPTVVKGVAG corresponding to the beginning of domain 4 and indicating cleavage between Arg 336 and Ser 337 . The PeptideCutter web tool (available from the ExPASy server) suggested that the enzymatic cleavage may be caused by one of trypsin, thrombin, or other related proteases. This unexpected observation provided us with three different polypeptides that were used to generate the results presented below.
X-ray and Neutron Scattering-X-ray scattering identified the domain arrangements in SC, D1-D3, and D4 -D5 at concentrations between 0.40 and 2.7 mg/ml (see "Materials and Methods"). Because no radiation damage was detectable, the ten time frames of each acquisition were averaged for analyses. SDS-PAGE analyses before and after runs showed that, although SC and D4 -D5 generally remained intact, further cleavages occurred in D1-D3 to give single domain fragments as well as the three-domain fragment. All the SC and D4 -D5 results below correspond to samples shown to be intact by SDS-PAGE before and after the experiment.
At low Q values, Guinier analyses of ln I(Q) against Q 2 resulted in linear plots for SC and its two fragments, yielding the radius of gyration (R G ) (Fig. 2 , A, E, and F). At larger Q values, analyses of ln I(Q)Q against Q 2 yielded the R G of the cross-section (R XS ). For SC, a mean x-ray R G of 3.53 (Ϯ 0.03) nm and mean R XS of 1.76 (Ϯ 0.08) nm were recorded from seven runs (Table 1) . Another SC sample gave a similar mean x-ray R G of 3.64 (Ϯ 0.17) nm and R XS of 1.63 (Ϯ 0.12) nm from six runs. A partially cleaved sample with ϳ33% SC, 33% D1-D3, and 33% D4 -D5 showed a small increase in the mean R G to 3.77 (Ϯ 0.17) nm and a small decrease in the mean R XS to 1.60 (Ϯ 0.61) nm. From five runs, the partially cleaved sample of D1-D3 showed an apparent R G of 3.44 (Ϯ 0.27) nm and an apparent R XS of 1.07 (Ϯ 0.07) nm (supplemental Fig. S1 ). From five runs, D4 -D5 was found to have a mean R G of 3.16 (Ϯ 0.04) nm and a mean R XS of 1.11 (Ϯ 0.08) nm (supplemental Fig. S1 ). The Guinier analyses were confirmed by the I(0)/c values, which are proportional to molecular masses, where c is the concentration (18) . The observed I(0)/c values were in the ratio of 1:0.30:0.53, respectively, relative to Lupolen. The sequence-derived molecular mass ratios were 1:0.57:0.43 in that order. I(0)/c for D1-D3 was lower than expected, which is attributed to its cleavage, whereas that for D4 -D5 was in fair agreement with the sequence.
Interestingly SC appeared more compact than either D1-D3 or D4 -D5. Shape information was determined from the anisotropy ratio, R G /R O (where R O is the R G value of a sphere of equal volume to that of the hydrated glycoprotein). The ratios were 1.44 -1.49, 1.69, and 1.70 for SC, D1-D3, and D4 -D5 in that order (Table 1) . Because R G /R O for globular proteins is close to 1.28 (29) , all three proteins are elongated. Assuming that the proteins possess cylindrical shapes, the lengths of SC, D1-D3, and D4 -D5 were calculated from its R G and R XS values to be 10.6 -11.3, 11.3, and 10.2 nm, respectively. From the I(0) and [I(Q)Q] Q30 values, the lengths were calculated to be 11.9, 9.1, and 10.8 nm, respectively (Table 1) . Despite the cleavage in the D1-D3 sample, the similarity of these three lengths is explained by postulating that SC is folded back upon itself. If the end-toend length of the SC domains is taken to be 3.7 nm from the D1 crystal structure (17) , SC, D1-D3, and D4 -D5 are predicted to be 18.5, 11.1, and 7.4 nm long if they are fully extended but with no linkers. The disparity between the observed SC length of 10.6 -11.9 nm and the 18.5 nm prediction shows that SC must be folded back. That D4 -D5 (Table  1 ) is observed to be longer than the predicted value may result from the 42 C-terminal residues in SC (Fig.  1A) . The observed lengths for D1-D3 are in fair agreement with the predicted length of 11.1 nm. Neutron scattering data for SC confirm the x-ray R G values (Table  1) . These were obtained as a control of radiation damage by x-rays, because these effects are absent in neutron scattering. The neutron data are complementary in that the hydration shell surrounding SC is not detectable (26) . The high negative protein-solvent scattering contrast acts as a control of any scattering inhomogeneity effects caused by the high proportion of carbohydrate in SC. The mean of three R G and R XS values for SC were 3.63 (Ϯ 0.28) nm and 1.30 (Ϯ 0.10) nm, respectively (Fig. 2) . The decrease in the neutron R XS compared with the x-ray R XS value is attributed to the absence of hydration effects on the crosssection of SC (25) . The length of SC from the neutron R G and R XS was 11.7 nm and from I(0) and [I(Q)Q] Q30 was 13.1 nm, which is consistent with the x-ray determined lengths. The neutron data gives molecular masses from the expression I(0)/c ϫ 9 ϫ 10 5 (22). The observed I(0)/c of 0.087 (Ϯ 0.009) resulted in 78 (Ϯ 8) kDa, which is close to the sequence-derived value of 79.6 kDa.
The transformation of I(Q) into the distance distribution function, P(r) confirmed that SC has a folded back conformation in solution. The P(r) curves for SC (x-rays and neutrons) and for D1-D3 and D4 -D5 (x-rays) were reproducible with single maxima (Fig. 3) . The R G from these were 3.66 (Ϯ 0.19) nm and 3.71 (Ϯ 0.12) nm (two SC x-ray samples), 3.73 (Ϯ 0.17) nm (SC neutrons), 3.52 (Ϯ 0.27) nm (D1-D3), and 3.15 (Ϯ 0.18) nm (D4 -D5), all of which were consistent with the Guinier analyses ( Table 1 ). The maximum, M, corresponds to the most frequently occurring interatomic distance. These were 3.8 (Ϯ 0.2) nm and 3.2 nm, respectively, for the x-ray and neutron data for SC and were slightly smaller at 2.9 nm and 2.7 nm for D1-D3 and D4 -D5, respectively. The length, L, is determined when P(r) becomes zero at large r values and is not dependent on shape assumptions. For SC, L was determined to be 13 (Ϯ 1) nm (x-rays) and 12 (Ϯ 1) nm (neutrons). For D1-D3 and D4 -D5, L was determined to be 12 (Ϯ 1) nm and 10 (Ϯ 1) nm, respectively. Although the D1-D3 analysis may be affected by cleaved products, this analysis will reveal the maximum length of the intact protein as any cleavage products will be shorter in length. These lengths were consistent with the Guinier-derived analyses (Table 1) .
Analytical Ultracentrifugation-The oligomerization of SC at concentrations between 0.2 and 2.5 mg/ml was determined by sedimentation equilibrium to show that this is monomeric. Assuming a single species was present, good curve fits with small random residuals were obtained (Fig. 4) . SDS-PAGE analyses before and after runs confirmed that any SC cleavage was not detectable. A small decrease in the molecular mass of SC was observed with increasing rotor speed, which is attributable to sample polydispersity (30) . This is most likely to result from heterogeneous occupation at the seven N-linked glycosylation sites, and/or any cleavage products (Fig. 1) . Thus the presence of seven bi-antennary oligosaccharides would give a molecular mass of 79,600 Da, whereas seven tetra-antennary ones would give 88,800 Da. In addition, the molecular masses slightly increased on dilution (lower panels, Fig. 4 ). This was attributed to decreased interactions between SC molecules at lower concentrations, because any oligomerization would result in a decrease in molecular masses on dilution. Regressions resulted in molecular masses of 79,500 (Ϯ 2,900) Da (interference) and 81,600 (Ϯ 5,500) Da (absorbance) at zero concentration. These agree well with the sequence-derived molecular mass. The equilibrium data therefore showed that all seven putative glycosylation sites are filled.
The sedimentation coefficient, s 20,w 0 , monitors the macromolecular elongation, independently from R G . Sedimentation velocity was used to examine SC, D1-D3, and D4 -D5, as well as SC that was cleaved into an equimolar mixture of the three forms, by incubating this at room temperature. The advantage of SEDFIT c(s) distribution plots is that these identify the s 20,w 0 values of any species present in each sample (Table 1) , hence these values are independent of degradation effects. All the boundary fits showed good agreements (Fig. 5, A-D) . The c(s) plots showed that SC sedimented as a single species at 4.2 S, whereas major species were seen at 3.1 S for D1-D3 and 2.4 S for D4 -D5 (Fig. 5, E-G) . This interpretation was confirmed by the three major peaks seen in the cleaved SC sample (Fig. 5H) . The c(s) plot for D4 -D5 showed a minor peak at 0.7 S (Fig. 5G) . In contrast, the D1-D3 c(s) analysis showed peaks at 0.7 S and 2.2 S to indicate more extensive cleavage, in agreement with the x-ray scattering and SDS-PAGE analyses above. The c(M) analyses represent the c(s) peaks as molecular mass values. The three major peaks in Fig. 5H correspond to 24,500 (Ϯ 5,600), 44,700 (Ϯ 6,200), and 79,000 (Ϯ 7,200) Da. These agree well with the sequence-derived values of 34,100, 45,500, and 79,600 Da.
The SEDFIT analyses for SC and D4 -D5 were confirmed by the good fits obtained in time-derivative g(s*) analyses using DCDTϩ ( Fig. 6 and supplemental Fig. S2) . The s 20,w 0 values were determined to be 4.0 S and 3.9 S for SC (interference and absorbance optics, respectively) and 2.4 S and 2.3 S for D4 -D5 (interference and absorbance optics, respectively (Table 1) ). D1-D3 could not be analyzed by DCDTϩ. Constrained Modeling-The constrained modeling of the solution data utilized the D1 crystal structure, which has a ␤-sheet sandwich formed from the DEBA and AЈGFCCЈCЉ ␤-strands (17). These ␤-strands are defined in Fig. 1A . D1 showed sequence identities from 24% to 36% with D2-D5, where over 30% is considered significant (31). Cys forms the internal disulfide bridge between ␤-strands B and F and was conserved in D1-D5. Sequence gaps and insertions were minimal, except that ␤-strand CЉ is deleted in D5. The alignment using BLASTP thus defined the D1-D5 domains and their six flanking peptides. Homology models for the D2-D5 domains were constructed and validated, and oligosaccharides FIGURE 4. Sedimentation equilibrium fits for SC. The curve fits at 14,000 rpm correspond to interference optics (A) and absorbance optics (B) at a wavelength of 280 nm. In A, concentrations are 2.5, 1.2, and 0.48 mg/ml. In B, concentrations are 0.64, 0.48, and 0.21 mg/ml. The residuals are shown above the exponential fits, whereas the concentration dependence of the observed molecular masses is shown below.
were attached ("Materials and Methods"). The four linkers were defined to run from the end of ␤-strand G to ␤-strand A between domain pairs (25) . Linkers (boxed in Fig. 1A) were created from conformational libraries, from which random selections were used to generate full SC models in all orientations. Secondary structure analyses of the 42-residue C-terminal peptide predicted little secondary structure (32) . BLASTP sequence searches of over 39,000 structures in the Protein Data Bank did not reveal any significant structural similarity for this C-terminal peptide (33) . Its amino acid composition showed a high proportion of 12 negatively charged Asp/Glu residues and nine positively charged Arg/Lys residues, together with 14 small Gly/Ala/Ser residues, all of which promote random structures (27) . Accordingly the C-terminal peptide was modeled as another unconstrained structure.
In the D4 -D5 modeling, for which the x-ray scattering curve was free of cleavage, the only conformational variables were the D4 -D5 linker and the C-terminal peptide. Unconstrained linkers resulted in too many models that were overlapped between D4 and D5. Accordingly, the D4 -D5 linker was constrained to be between 95 and 100% of its maximum length to permit full domain reorientations. The C-terminal peptide was set to be at minimum lengths of 5, 7, 9.8, and 11.8 nm to enforce the generation of a wide range of conformations. The resulting 6000 models spanned a wide range of conformational separations of the N terminus and C terminus from 0.6 to 20.6 nm ( Table 2) . Filtering to retain a minimum of 346 hydrated spheres (i.e. those with no significantly overlap) and a R G between 3.00 and 3.20 nm gave 1011 satisfactory models (Table 2) . Sorting based on the R-factor goodnessof-fit parameter identified the best nine models. The best D4 -D5 model has an R G of 3.15 nm and an R XS of 1.14 nm, giving the closest agreement with the experimental values (Table 2) , and gave an excellent curve fit. Its sedimentation coefficient of 2.04 S is close to the experimental values of 2.3-2.4 S. All nine best-fit models showed that the D4 and D5 domains were V-shaped with an extended C-terminal peptide. The constrained modeling parameters and curve fits are presented in panels D-F of supplemental Figs. S3 and S4. A poor-fit D4 -D5 model is exemplified by that with the largest R G of 3.71 nm, an R XS of 1.45 nm, and a sedimentation coefficient of 1.94 S. This has a linear D4 -D5 arrangement and showed a large discrepancy with the experimental I(Q) curve (supplemental Fig. S4F ). Another model was created from the best-fit model in which the oligosaccharides were folded back against the protein surface of D4 -D5 (green in supplemental Fig. S4, D-F ; see "CHO in" in Table 2 ). Although the R G and sedimentation coefficient from this model were similar, the R XS was significantly reduced from 1.14 to 0.86 nm.
Good D1-D3 curve fits were obtained by postulating that the observed x-ray scattering corresponded to a mixture of D1-D3 and single-domain fragments (cf.: the SDS-PAGE and c(s) anal- yses above). The D1-D3 modeling was achieved in five searches. The use of three unconstrained linkers yielded few good fits. Hence the linkers were constrained to be 95-100% extended, and this gave models that spanned a sufficiently wide range of R G , but with R XS that were too high. The final search was based on the randomization of only the D1-D2 linker. The D2-D3 linker proved too short to permit movement without steric overlap, and the C-terminal D3-D4 linker was held fixed in an extended conformation. Even with this, whereas 65 models showed compatible R G values, none showed a low enough R XS of 1.07 nm. All ten best-fit models exhibited linear domain arrangements. Alterations of the oligosaccharide conformations were also unable to account for the reduced R XS value. The final good D1-D3 curve fits were obtained only by computing composite scattering curves from the best-fit D1-D3 model with the lowest R-factor of 13.2% and a single domain D1 model. The sum of 74% D1-D3 and 26% D1 gave the best curve fit with an R-factor of 6.0%. The linear D1-D3 model gave a sedimentation coefficient of 3.02 S that agrees well with the observed value of 3.1 S. Other poor-fit D1-D3 models confirmed this interpretation. For example, combining a U-shaped D1-D3 model with the D1 model did not reduce the R-factor or R XS , even though it gave a good R G . The D1-D3 constrained modeling parameters and curve fits are shown in panels A-C in the supplemental Figs. S3 and S4.
Intact SC (for which the x-ray scattering curve was shown to be free of cleavage products) was modeled using either five unconstrained linkers or the best-fit D1-D3 and D4 -D5 models. The unconstrained search is summarized by the filled cyan circles in Fig. 7 (A-F) . Convex distributions of R XS as a function of R G were observed. Their maxima agreed well with the observed R G of 3.53 nm (x-rays) and 3.63 nm (neutrons) in Fig.  7 (A and D) , and their minima corresponded to the lowest R-factors in Fig. 7 (B and E) . However, many models showed steric overlap; accordingly, this search was not pursued further. The second search varied only the D3-D4 linker between the best-fit D1-D3 and D4 -D5 models. The unfilled circles in Fig.  7 (A-F) showed that these followed the same trends as the cyan circles, but resulted in fewer sterically overlapping models with too low R G values. Filtering showed that 268 SC models agreed with the experimental x-ray R G of 3.53 nm, of which 70 agree with the experimental R XS of 1.76 nm ( Table 2 ). The removal of partially overlapping SC models gave the 10 best-fit SC models (yellow in Fig. 7 , A-C). All 10 best-fit SC models showed a folded-back arrangement in which D1-D3 is in proximity to D4 -D5 in an overall J-shaped conformation. This arrangement was also found in the best-fit models from the unconstrained search, although their R-factors were slightly higher. The sedimentation coefficient of 4.06 S is close to the experimental values of 3.9 -4.0 S. The neutron modeling in Fig. 7 (D-F) also resulted in the same J-shaped best-fit models and a good curve fit in Fig. 8D . A linear domain arrangement showed significantly worsened fits (blue in Figs. 7 (A-F) , 8C, and 8F). When the extended oligosaccharide orientations in the best-fit model were replaced by more compact ones, slightly worsened curve fits were usually seen (green in Figs. 7 (A-F), 8B, and 8E). These results are summarized in the models of Fig. 9 , in the form of the ten best-fit models (A), a stereo view of the best-fit model with oligosaccharide chains (B), an electrostatic map of the fragments D1-D3 and D4 -D5 (C), and a view showing the availability of pIgA binding motifs (D).
DISCUSSION
Molecular modeling and crystal structures of SC domains from rabbit, mouse, and human have already contributed insight into the topology of SC and pIgA complexes (14, 15, 17) . However, the analyses of only protein fragments, the use of strictly predictive computer-based modeling, and the absence of information on carbohydrate residues all represent limitations when compared with the determination of the three-dimensional structure of fulllength SC. Given the demonstrated importance of free SC in innate immunity and its role in endowing SIgA with optimal biological activity, our study of intact SC provides several novel insights on the structure-function relationship in the whole protein.
In view of the importance of glycosylation, and inter-domain flexibility to the SC structure, all the analyses were conducted in near-physiological solution conditions using complementary methods based on x-ray and neutron scattering and analytical ultracentrifugation. When analyzed with constrained modeling, the three-dimensional structure of free SC was found to be a compact, folded-back structure. The ten best-fit models of Fig. 9A are very similar to each other. As all adopted a J-shaped structure, this emphasized the robustness of the procedure. A stereo view of the best-fit model is presented in Fig. 9B . The J-shaped structure is confirmed by the lengths of Fig. 3 , the sedimentation coefficients (Figs. 5 and 6 ) and the constrained modeling (Fig. 8) . The point at which SC is folded back to form a compact J-shaped structure was located to the junction between the D3 and D4 domains in both modeling searches of all five SC domains. In support of this model, the length and sedimentation coefficient data obtained with the D1-D3 and D4 -D5 fragments both fit perfectly with the SC structure (Figs. 3 and 5 ) and reinforce the accuracy of the SC model. This compact, folded-back structure of SC was unexpected in the light of the extended domain arrangements of FIGURE 8. Best-fit and poor-fit models for SC. The color coding of the models and the I(Q) and P(r) curves from these is explained in Fig. 7 . The experimental curves are in black. A ribbon trace of the model used in each fit is shown, with the oligosaccharides in blue. The upper panels show the best fit models, the middle panels show the models with compacted oligosaccharide conformations, and the bottom panels show representative poor curve fits as examples of disallowed models. For the best-fit and poor-fit models for D1-D3 and D4 -D5 see supplemental Fig. S4. the structurally related seven Ig-like domains in carcinoembryonic antigen and four FnIII domains in anosmin-1 (25, 34) . In fact, the linker between D3 and D4 comprises 10 amino acids and is unusually long (Fig. 1) . This length provides the requisite flexibility needed to form the J-shaped conformation. It is noteworthy that the cleavage site between Arg 336 and Ser 337 is exposed on the surface in all ten best-fit structures (Fig. 9A) , thus accounting for its susceptibility to protease(s) and justifying the appearance of the two D1-D3 and D4 -D5 polypeptides. The Poisson-Boltzmann electrostatic maps of the carbohydrate-free surfaces in D1-D3 and D4 -D5 (Fig. 9C) suggest that there are spatially well defined areas of negative and positive charges, respectively, on these that can attract each other to form the bent structure of SC. The short linker between D2-D3 may reduce flexibility between D2 and D3, hence facilitating the binding of D4 and D5 to these.
The modeling showed that the C-terminal polypeptide linker connecting SC with the transmembrane domain of the pIgR exhibits no particular folding (Figs. 1 and 9 ). Hence D1-D5 of SC can freely move with respect to this C-terminal linker, thus enhancing their likelihood to encounter and interact with their cargo represented by polymeric Ig present in the lamina propria. In a more physiological context, this length facilitates access to proteases in order that SC or SIgA can be released at mucosal surfaces. The unfolded nature of the linker also suggests that the structure of SC identified in this work will be similar to that when incorporated in its pIgR precursor, because steric interference with components on the cell membrane will be limited.
The seven Asn residues that constitute the attachment points for carbohydrate residues mostly appear on the same side of SC, implying that the glycans are clustered within a restricted part of the SC structure (Fig. 9B) . The curve fits showed a preference for modeling the seven oligosaccharide chains in conformations extending away from the protein surface (middle panels of Fig. 8) . Although their precise spatial locations remain unassigned by constrained scattering modeling, a preferential distribution of oligosaccharides on one face of SC is not ruled out. If this is so, this can contribute to tether free and/or IgA-bound SC efficiently to antigenic structures found at the surface of microorganisms (12) .
In the context of the interaction between SC and pIgA, the location of the oligosaccharides on one face of SC leave uncovered, and thus accessible, the three CDR-like motifs present in D1, as well as Cys 502 in D5 (Fig. 9D ). These constitute two critical elements for the interaction with pIgA (35, 36) . Indeed, the oligosaccharides of SC are not involved in the interaction with pIgA but are nonetheless important for its resistance to proteases and its correct anchoring within the mucus laying on the epithelium (7) . Studies comparing deglycosylated and partly glycosylated D1 revealed nearly equal binding affinities for pIgA (17) . Recovery of the Fd fragment after digestion of pIgA with proteases from intestinal fluids indicates that the Fc portion is particularly sensitive in the absence of bound SC (6) . The determined length of SC fits very well with its likely association with pIgA without affecting the F(abЈ) 2 and the hinge region. This is supported by the observation that pIgA and SIgA of the same specificity show the same affinity for their cognate antigen (37) . Additionally, the labile link between D3 and D4 of SC is likely to be concealed within pIgA, thus providing an explanation for the mutual protection previously observed between the two partners (6) . This translates into the generation of a complex molecule optimally designed to operate at mucosal surfaces.
Although not covalent, the interaction between the C-terminal part of the J chain in pIgA and SC is a critical step for transport of the pIgR complex to mucosal surfaces (4). Pentameric IgM and pIgA are both transported by pIgR, but it is known that D1 can discriminate among Ig subclasses in favor of IgA (35) , and that D1-D2 and D1-D3 bind pIgA, but not mIgA nor IgG (38) , explaining the predominance of SIgA in secretions. As far as pIgA is concerned, the integrity of D2 and D3 is necessary for a covalent interaction to take place (28) , yet without establishing close contact with the pIgA backbone (39, 28) . This argues in favor of the "zipper effect" model initiated by the interaction of D1 with one C␣ chain of pIgA, progression to the J chain, and establishment of the disulfide bond between Cys 311 of the C␣2 domain of IgA and Cys 502 of D5 (36) . In the J-shaped structure model, D1 remains appropriately exposed to initiate this "zipper" binding interaction.
Several unsolved issues remain, such as the identification of the residues in SC that are involved in the interactions with the J chain and with the residues 402-410 of the C␣3 domain in the Fc fragment of pIgA (40) . Likewise, even though the CDR-like motifs of D1 have been extensively described, their ligands on the pIgA molecule remain unidentified. In this respect, based on electron micrographs of human pIgA displaying a partly bent tail-to-tail arrangement (41) , one can envisage that the Fc domain spacing is suitable for the binding of at least one SC molecule. Whether the compact conformation of SC opens up upon binding to pIgA is another issue. Moreover, structural differences between human IgA1 and IgA2 exist (22, 23) that are consistent with recent findings showing distinct binding modes of human SC to pIgA1 and pIgA2 (42) . Future experiments aimed at unraveling the contribution of SC in terms of the architecture of the whole SIgA molecule are now being planned. Knowledge of the three-dimensional structure of SC represents a mandatory first step toward the resolution of the complete structure of SIgA. If we assume that the model of SC is not that different from the extracellular portion of pIgR, it might also be helpful per se to map binding site(s) to permit epithelial drug targeting through specific interaction with pIgR itself (43, 44, 45) .
